[1] We report a data set of methane (CH 4 ) concentrations in the surface waters of Lake Kivu obtained during four cruises (March 2007, September 2007, June 2008, and April 2009 covering the two main seasons, rainy (October to May) and dry (June to September). Spatial gradients of CH 4 concentrations were modest in the surface waters of the main basin. In Kabuno Bay (a small subbasin), CH 4 concentrations in surface waters were significantly higher than in the main basin. Seasonal variations of CH 4 in the main basin were strongly driven by deepening of the mixolimnion and mixing of surface waters with deeper waters rich in CH 4 . On an annual basis, both Kabuno Bay and the main basin of Lake Kivu were over-saturated in CH 4 with respect to atmospheric equilibrium (7330% and 2510%, respectively), and emitted CH 4 to the atmosphere (39 mmol m −2 yr −1 and 13 mmol m −2 yr −1 , respectively). The source of CH 4 to atmosphere was two orders of magnitude lower than the CH 4 upward flux. The source of CH 4 to the atmosphere from Lake Kivu corresponded to ∼60% of the terrestrial sink of atmospheric CH 4 over the lake's catchment. A global cross-system comparison of CH 4 in surface waters of lakes shows that both Kabuno Bay and the main basin are at the lower end of values in lakes globally, despite the huge amounts of CH 4 in the deeper layers of the lake. This is related to the strongly meromictic nature of the lake that promotes an intense removal of CH 4 by bacterial oxidation.
Introduction
[2] Freshwater environments are important components of the global carbon (C) cycle, as they transport organic and inorganic C from the terrestrial biosphere to the oceans. This transport of C is not passive, and freshwater ecosystems produce, degrade, store organic C and exchange C with the atmosphere [Cole and Caraco, 2001; Cole et al., 2007; Battin et al., 2008; Tranvik et al., 2009] . Degradation of organic C in freshwater environments is partly mediated by anaerobic processes, including methanogenesis, which leads to the emission of methane (CH 4 ) to the atmosphere. The global emission of CH 4 to the atmosphere from freshwater ecosystems has been recently reevaluated by Bastviken et al. [2011] to 103 Tg CH 4 yr −1 which is significant when compared to other natural (168 Tg CH 4 yr −1 ) and anthropogenic (428 Tg CH 4 yr −1 ) CH 4 emissions [Chen and Prinn, 2006] .
The CH 4 emission from freshwater ecosystems is broken down into 72 Tg CH 4 yr −1 from lakes, 20 Tg CH 4 yr −1 from reservoirs, 1 Tg CH 4 yr −1 from rivers, and 10 Tg CH 4 yr −1 plant mediated (all aquatic systems). About 49% of the CH 4 emission to the atmosphere from freshwater ecosystems occurs in the tropics, although tropical lakes are undersampled. In the Bastviken et al. [2011] compilation, only 9 out of 36 publications, and only 7 out of 106 data entries deal with tropical lakes.
[3] We report the seasonal and spatial variability of CH 4 in the epilimnion of Lake Kivu [2.50°S 1.59°S 29.37°E 28.83°E] one of the East African great lakes (2370 km 2 surface area, 550 km 3 volume). Lake Kivu is a deep (maximum depth of 485 m) meromictic lake, with an oxic mixolimnion down to 70 m, and a deep monolimnion rich in dissolved gases and nutrients [Degens et al., 1973; Schmid et al., 2005] . Lake Kivu is permanently stratified and deep layers receive heat, salts, and CO 2 from deep geothermal springs [Schmid et al., 2005] . Seasonality of the physical and chemical vertical structure and biological activity in surface waters of Lake Kivu is driven by the oscillation between the dry season (June-September) and the rainy season (October-May), the former characterized by a deepening of the mixolimnion [Sarmento et al., 2006] . This seasonal mixing favors the input of dissolved nutrients and the development of diatoms, while, during the rest of the year, the phytoplankton assemblage is dominated by cyanobacteria, chrysophytes and cryptophytes.
[4] Huge amounts of carbon dioxide (CO 2 ) and CH 4 (300 km 3 and 60 km 3 , respectively, at 0°C and 1 atm) [Schmid et al., 2005] are dissolved in the deep layers of Lake Kivu. While CO 2 is mainly geogenic, two thirds of the CH 4 originates from anoxic bacterial reduction of CO 2 and one third from anaerobic degradation of settling organic material [Schoell et al., 1988; Pasche et al., 2011] . Large scale industrial extraction of CH 4 from the deep layers of Lake Kivu is planned [Nayar, 2009] which could affect the ecology and biogeochemical cycling of C of the lake and change for instance the emission of greenhouse gases such as CH 4 and CO 2 . To monitor, understand and quantify the consequences of the industrial extraction of CH 4 it is required to establish the baseline of ecological and biogeochemical settings. [6] Vertical profiles of temperature, conductivity, oxygen and pH were obtained with a Yellow Springs Instrument (YSI) 6600 V2 probe. Calibration of sensors was carried out prior to the cruises and regularly checked during the cruises. Conductivity cell was calibrated with a 1000 mS cm −1 (25°C) YSI standard, pH electrode was calibrated with pH 4.00 (25°C) and pH 7.00 (25°C) National Institute of Standards and Technology (YSI) buffers, oxygen membrane probe was calibrated with humidity saturated ambient air. Water was sampled with a 5 L Niskin bottle (Hydro-Bios) at 5 m in Kabuno Bay (48 km 2 ) and at 10 m in the rest of the lake (hereafter referred to as main basin, 2322 km 2 ). During the April 2009 cruise, samples were also collected at all stations at 0.5 m, and vertical profiles were made down to 80 m depth at two stations. Water was collected in glass serum bottles from the Niskin bottle with tubing, left to overflow, poisoned with 100 ml of saturated HgCl 2 and sealed with butyl stoppers and aluminum caps.
Material and Methods
[7] Concentrations of CH 4 were determined by gas chromatography (GC) with flame ionization detection (GC-FID, Hewlett Packard HP 5890A), after creating a 12 ml headspace with N 2 in 40 ml glass serum bottles, as described by Abril and Iversen [2002] . Certified CH 4 :N 2 mixture (Air Liquide France) of 10.0 ± 0.2 ppm CH 4 was used as standard. For the April 2009 cruise, CH 4 measurements were carried out with the same procedures but using 30 ml headspace with N 2 in 70 ml serum bottles, and a SRI 8610C GC-FID calibrated with CH 4 :CO 2 :N 2 O:N 2 mixtures (Air Liquide Belgium) of 1.05 ± 0.02, 10.2 ± 0.2 and 509 ± 10 ppm CH 4 . Precision estimated from multiple injections of gas standards was on average ±4% for the 10.0 ppm standard with the HP 5890A GC-FID. Precision was better than ±3% for the 1.05 ppm standard and better than ±0.5% for both the 10.2 ppm and 509 ppm standards with the SRI 8610C GC-FID. The concentrations were computed using the CH 4 solubility coefficient given by Yamamoto et al. [1976] .
[8] During the April 2009 cruise, on all stations, CH 4 data were acquired at two depths, near surface (∼0.5 m) and below (10 m in the main basin and 5 m in Kabuno Bay), and were not significantly different (paired t test, p = 0.125, n = 15). Hence, CH 4 concentrations at 10 m in the main basin and at 5 m in Kabuno Bay were used for the 4 cruises to 
where k is the gas transfer velocity of CH 4 and D [CH 4 ] is the air-water gradient of CH 4 computed from CH 4 concentration in the water and a constant atmospheric CH 4 concentration of 1.8 ppm (corresponding to the global average mixing ratio).
[9] The value k was computed from wind speed using the parameterization of Cole and Caraco [1998] and the Schmidt number of CH 4 in freshwater according to the algorithm given by Wanninkhof [1992] . Wind speed data were acquired with a Davis Instruments meteorological station in Bukavu (2.51°S 28.86°E). During the April 2009 cruise, wind speed was measured at 11 stations on the lake with a THIES anemometer, and data were not significantly different from those acquired at Bukavu (paired t test, p = 0.593, n = 11). FCH 4 was computed with daily wind speed averages for a time period of one month centered on the date of the middle of each field cruise. Such an approach allows to account for the day-to-day variability of wind speed, and to provide FCH 4 values that are seasonally representative. (Figure 2) . In Kabuno Bay, the amplitude of the seasonal variations of temperature in surface waters was similar (∼1.1°C) but values were systematically lower than in the main basin between 0.3°C and 0.7°C depending on the cruise. Kabuno Bay was characterized by a very stable chemocline (conductivity, pH) and oxycline at ∼10.5 m, irrespective of the sampling period. At 60 m, conductivity and water temperature were markedly higher in Kabuno Bay than in the main basin. These vertical patterns and their lack of seasonality indicate that Kabuno Bay is distinct from the main basin. There seems to be a much larger contribution of internal geothermal inputs to the whole water column including surface waters in Kabuno Bay than in the main basin of Lake Kivu (not necessarily in terms of absolute inputs but possibly in terms of the ratio of inputs to volume). This is related to the different geomorphology, since Kabuno Bay is shallower than the main basin (maximum depth of 110 m versus 485 m) and exchanges little water with the main basin (narrow connection ∼10 m deep).
Results and Discussion
[11] In surface waters of the main basin of Lake Kivu, CH 4 concentrations were systematically above atmospheric equilibrium (∼2 nM), and varied within relatively narrow ranges of 30-75 nM in March 2007, 54-197 We cannot provide a straightforward explanation for these small spatial variations of CH 4 concentrations. For a given cruise, CH 4 concentrations did not correlate with mixed layer depth nor water temperature. For the whole data set, CH 4 concentrations in surface waters of Kabuno Bay were significantly higher than in the main basin (repeated measures ANOVA, f 4,10 = 61.85, p < 0.0001). The CH 4 concentrations in surface waters of lakes result from the balance of inputs from depth or laterally from the littoral zone, and of loss terms (bacterial oxidation and evasion to the atmosphere) [Bastviken et al., 2004] . Tietze et al. [1980] showed that CH 4 concentrations in deep waters of Kabuno Bay are similar to the ones for similar depths in the main basin of Lake Kivu. The likely higher contribution of deepwater springs in Kabuno Bay than in the main basin increases the upward flux of solutes and might explain the higher CH 4 concentrations we observed in Kabuno Bay than in the main basin. Also, the shallower oxycline in Kabuno Bay (Figure 2 ) than in the main basin could promote less removal of CH 4 by aerobic bacterial oxidation in the oxic layer.
[12] Seasonal variations of CH 4 in the main basin of Lake Kivu were significant (one-way ANOVA, log-transformed data, f 3,52 = 10.55, p < 0.0001). Average CH 4 concentrations for each cruise were positively correlated (Pearson r 2 = 0.96, p = 0.0214) to mixed layer depth (Figure 3 ). This suggests than the deepening of the mixed layer and mixing of deeper waters rich in CH 4 with surface waters was a major driver of seasonal variability of CH 4 concentrations in surface waters of the main basin of Lake Kivu. Vertical profiles obtained in April 2009 in the main basin, show that CH 4 concentrations at 60 m are ∼2100 to ∼2600 times higher than in surface waters (Figure 4) .
[13] Deepening of the mixed layer is induced by enhanced turbulence in surface waters which will also increase k and the loss of CH 4 to the atmosphere. However, CH 4 is a sparingly soluble gas and the exchange of CH 4 across the air-water interface is a slow process. For the conditions in September 2007, the reduction by 50% of the initial surface average CH 4 concentration (81 nM) by loss to the atmosphere would require about 67 days and the reduction by 95% would require 354 days (with a constant wind speed of 1.2 m s −1 and a mixed layer of 56 m). As the loss of CH 4 to the atmosphere is a slow process and does not balance at short time scales the input of CH 4 by vertical mixing, the net effect of enhanced turbulence in Lake Kivu is an increase of CH 4 in the mixed layer. (Table 1) .
[16] Vertical mixing in surface of Lake Kivu follows a regular bimodal seasonal cycle according to the two main seasons (wet and dry). Mixed layer is shallowest in April (late wet season) and deepest in August-September (late dry season) [Sarmento et al., 2006] . Hence, our four cruises bracket reasonably well the seasonality of physical structure of surface waters in Lake Kivu. Since vertical mixing seems to be the main driver of CH 4 seasonal variations in surface waters of Lake Kivu (Figure 3) , this allows evaluating robustly annual CH 4 emission rates. The annually integrated CH 4 emission to the atmosphere was 13 mmol m −2 yr −1 (30.5 10 6 mol yr −1 ) for the main basin of Lake Kivu and 39 mmol m −2 yr −1 (1.9 10 6 mol yr
) for Kabuno Bay (Table 1 ).
The total emission of CH 4 to the atmosphere (32.4 10 6 mol yr −1 ) was extremely small compared to the total inventory of CH 4 predominantly in deeper layers of 2.7 10 12 mol (based on values reported by Schmid et al. [2005] ). The emission of CH 4 to the atmosphere (14 mmol m −2 yr −1 ) was also very small compared to the upward flux of CH 4 of 2917 mmol m −2 yr −1 [Pasche et al., 2011] , consistent with a comparable CH 4 oxidation rate of 2628 mmol m −2 yr −1 [Jannasch, 1975] .
[17] Air-soil CH 4 fluxes were scaled to the lake's catchment using the total catchment area of 5097 km 2 with a 72% coverage by cropland and pasture, and a 28% coverage by shrubland and evergreen forest [Muvundja et al., 2009] . We used for the air-soil CH 4 fluxes a value of −1 mmol m
for cropland based on measurements in Burkina Faso [Brümmer et al., 2009 ] and a value of −95 mmol m −2 d −1 for forests derived from the average from several sites (excluding flooded forests) across East, Central and West Africa Tathy et al., 1992; Macdonald et al., 1998 Macdonald et al., , 1999 Werner et al., 2007] . Potential terrestrial sources of CH 4 related to biomass burning, termites and cattle could not be quantified due to lack of appropriate information. The sink of atmospheric CH 4 on the catchment of Lake Kivu can be evaluated on first approximation at −51 10 6 mol yr −1 . Hence, the emission of CH 4 from the lake's surface to the atmosphere (32 10 6 mol yr −1 ) corresponds to 63% of the terrestrial sink of CH 4 on the lake's catchment area.
[18] When compared to other lakes globally as reported by Bastviken et al. [2004] , the main basin of Lake Kivu ranks 47th and Kabuno Bay ranks 30th in terms of CH 4 concentration in surface waters (out of 49 lakes). Crosssystem comparison of CH 4 in surface waters of lakes was carried out as function of lake surface area ( Figure 5 ). Both Kabuno Bay and the main basin of Lake Kivu fall on the negative relationship between CH 4 and lake surface area. There is probably no unique explanation of the negative relationship between CH 4 concentrations and lake surface area, but rather a combination of several factors. In smaller Figure 5. CH 4 concentration (nM) versus lake surface area (km 2 ) in the main basin of Lake Kivu and Kabuno Bay and from the compilation by Bastviken et al. [2004] . Relationship between CH 4 concentration and lake surface area (log (CH 4 ) = 2.42 − 0.229 log(lake surface area); r 2 = 0.40; p < 0.0001; n = 47) was not originally reported by Bastviken et al. [2004] but is based on the same data set. Note the higher number of observations of CH 4 in lakes smaller than 10 km 2 .
systems there is a higher supply of allochthonous inputs (from catchment and littoral zone) of nutrients and organic C relative to volume of lake (i.e., large ratio of catchment area to lake surface area). Hence, in smaller systems, higher levels of benthic degradation of organic C should occur in relation to higher availability of allochthonous organic carbon and of autochthonous organic carbon (the former sustained by higher allochthonous nutrient inputs) [Schindler, 1971; Rasmussen et al., 1989; Fee et al., 1992 Fee et al., , 1994 Curtis and Schindler, 1997; Cole et al., 2006; Weidel et al., 2008] . This will promote a higher flux of CH 4 from sediments to the water column in smaller systems. As a first approximation, we can also assume that the smaller systems are shallower than larger ones. In shallow systems, there will be a lower removal of CH 4 by bacterial oxidation, due to a shorter distance between sediments and the air-water interface. Finally, in larger systems, there will be a lower fetch limitation of wind induced turbulence and k [Wanninkhof, 1992; Fee et al., 1996] leading to a higher loss of CH 4 by emission to the atmosphere (for an identical air-water gradient of CH 4 ). The lower fetch limitation of wind induced turbulence in larger systems will also promote deeper oxygenated mixed layers, promoting CH 4 loss by bacterial aerobic CH 4 oxidation.
Conclusions
[19] Surface waters of Lake Kivu were oversaturated with respect to CH 4 atmospheric equilibrium, with saturation levels ranging seasonally between 1887% and 3552% in the main basin, and between 3736% and 12840% in Kabuno Bay (Table 1 ). Yet, the CH 4 concentrations in surface waters of Lake Kivu are surprisingly low compared to lakes globally ( Figure 5 ), considering the huge amounts of CH 4 contained in the deep layer of the lake, i.e., concentrations up to 10 6 higher than in surface waters [Schmid et al., 2005] . This is related to highly stratified conditions of the lake that promote a very strong removal of CH 4 by bacterial oxidation [Jannasch, 1975] leading to low CH 4 concentrations in surface waters. Indeed, the average CH 4 oxidation rate (2628 mmol m −2 yr −1 ) reported by Jannasch [1975] in the main basin of Lake Kivu is 200 times higher than the average CH 4 emission to the atmosphere in the main basin (Table 1 ). The annually integrated CH 4 emissions to the atmosphere from the main basin of Lake Kivu (13 mmol m −2 yr −1 ; 30.5 10 6 mol yr −1 ) and Kabuno Bay (39 mmol m −2 yr −1 ; 1.9 10 6 mol yr −1 , Table 1 ) are minimal estimates since we did not quantify plant mediated and ebullition CH 4 fluxes. Plant mediated CH 4 fluxes and shallow sediment CH 4 ebullition fluxes are expected to be marginal in Lake Kivu, since the littoral zone is very narrow owing to the steep shores [Degens et al., 1973] . Ebullition CH 4 fluxes remain to be determined in the deeper areas of the lake, however, since Lake Kivu is very deep, it can be expected that if CH 4 bubbles occur, they dissolve before reaching surface waters [e.g., McGinnis et al., 2006] .
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